Most patients who die from cancer succumb to treatment-refractory advanced metastatic progression. Although the early stages of tumor metastasis result in the formation of clinically silent micrometastatic foci, its later stages primarily reflect the progressive, organ-destructive growth of already advanced metastases. Earlystage metastasis is regulated by multiple factors within tumor cells as well as by the tumor microenvironment (TME). In contrast, the molecular determinants that control advanced metastatic progression remain essentially uncharacterized, precluding the development of therapies targeted against it. Here we show that the TME, functioning in part through platelet endothelial cell adhesion molecule 1 (PECAM-1), drives advanced metastatic progression and is essential for progression through its preterminal end stage. PECAM-1-KO and chimeric mice revealed that its metastasis-promoting effects are mediated specifically through vascular endothelial cell (VEC) PECAM-1. Anti-PECAM-1 mAb therapy suppresses both end-stage metastatic progression and tumor-induced cachexia in tumor-bearing mice. It reduces proliferation, but not angiogenesis or apoptosis, within advanced tumor metastases. Because its antimetastatic effects are mediated by binding to VEC rather than to tumor cells, anti-PECAM-1 mAb appears to act independently of tumor type. A modified 3D coculture assay showed that anti-PECAM-1 mAb inhibits the proliferation of PECAM-1-negative tumor cells by altering the concentrations of secreted factors. Our studies indicate that a complex interplay between elements of the TME and advanced tumor metastases directs end-stage metastatic progression. They also suggest that some therapeutic interventions may target late-stage metastases specifically. mAb-based targeting of PECAM-1 represents a TME-targeted therapeutic approach that suppresses the end stages of metastatic progression, until now a refractory clinical entity.
metastasis | endothelium | tumor microenvironment T umor metastasis requires that a number of sequential steps, including tumor cell invasion, intravasation, homing, extravasation, tumor neoangiogenesis, and proliferation, each be completed successfully (1) (2) (3) (4) . Thus, tumor metastasis comprises semidiscrete stages, in part driven by distinct cellular events. The tumor microenvironment (TME), both via direct interactions with tumor cells and through paracrine-based signaling, plays an important role in controlling the early stages of metastatic spread (2) (3) (4) . In contrast, factors that drive the progression of tumor metastases to a life-threatening, preterminal stage are poorly understood. As in earlier stages, they likely involve molecular signaling between malignant cells and their macro-and microenvironments (1, 5, 6) .
Advanced metastatic progression causes death in most patients who die from cancer. However, in preclinical models, novel interventions generally are tested directly against locally injected tumors or against early-stage, micrometastatic spread. In contrast, models specifically examining the effects of interventions against the late stages of metastatic progression (the lethal, organ-destructive growth of already advanced metastases) are rarely studied. Antitumor interventions administered during the advanced stages of metastatic progression typically are both ineffective and poorly tolerated. Indeed, key events that define the early stages of metastatic spread may differ from those driving advanced metastatic progression. We hypothesized that testing novel interventions against the early stages of metastatic spread may fail to identify critical factors that selectively regulate the progressive growth of already advanced tumor metastases. Therefore, our studies focused on models assessing the progression of already well-established tumor metastases rather than on models assessing the early stages of metastatic spread.
Platelet endothelial cell adhesion molecule 1 (PECAM-1) is a 130-kDa cell surface protein of the Ig-like superfamily, with six Iglike domains in the extracellular domain. It is expressed on certain WBC, platelets, and vascular endothelial cells (VEC) and interacts homophilically with itself or heterophilically with putative ligands to tranduce downstream inhibitory signals via its cytoplasmic domain (7, 8) . PECAM-1 is involved in a number of processes relevant to growth and the spread of primary tumors, including angiogenesis, vascular permeability, and leukocyte trafficking out of the circulation (9, 10). In addition, earlier studies have shown that systemic delivery of an anti-PECAM-1 ribozyme suppresses the progression of already established tumor metastases (11) . We assessed the potential role of PECAM-1 in regulating late-stage metastatic progression. Here, we provide evidence that VEC PECAM-1 regulates proliferation in advanced tumor metastases, independent of its activity as a mediator of angiogenesis. Importantly, anti-PECAM-1 mAb demonstrates potent antimetastatic effects specifically against the lethal preterminal stage of metastatic progression. Present address: Bionovo Inc., Emeryville, CA 94608. 4 To whom correspondence should be addressed. E-mail: debs@cpmcri.org.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1004654107/-/DCSupplemental. mammary carcinoma, and LOX human melanoma, were evaluated. In particular, i.v. injected B16-F10 cells yield highly reproducible numbers of tumor metastases in the lung as well as in extrapulmonary organs, including the ovaries (12) . From days 0-7 following i.v. injection (early-stage metastasis), most B16-F10 lung metastases remain small clusters containing <10 cells each. In contrast, by days 12-14 (late-stage metastasis), >35% of metastases are already >3 mm in diameter (5) . We used mAb 390, a bioactive anti-murine PECAM-1 mAb (13), which specifically binds to an epitope within a 14-aa sequence of the second Ig-like domain of mouse PECAM-1. mAb390 binds to murine VEC but does not bind to murine or human tumors (13) . Furthermore, it does not directly inhibit tumor cell proliferation, alter tumor cell adhesion to VEC or to platelets, or affect the transendothelial migration of tumor cells (Fig. S1 A-E) . To target early-versus late-stage metastasis selectively, five i.v. doses of mAb 390 or isotype-control mAb were administered either 0-7 or 7-15 d after B16-F10 cell injection. Anti-PECAM-1 mAb significantly (P < 0.0001) decreased late-stage but did not affect early-stage tumor metastases ( Fig. 1 A and B) . The late-stage-specific anti-metastatic effects produced by mAb 390 are consistent with its inability to inhibit either tumor cell-platelet or tumor-endothelial cell interactions (Fig. S1 C-E), processes involved in the initial establishment of distant metastatic tumor foci. Systemic anti-PECAM-1 mAb also significantly reduced the late-stage metastatic progression of two other aggressively metastatic tumor lines, murine 4T1 mammary carcinoma (P < 0.0001) (Fig. 1C ) and human LOX melanoma xenograft tumors (P < 0.005) (Fig.  1D ), demonstrating that anti-PECAM-1 mAb therapy can suppress the late-stage metastatic progression of solid tumor types of different tissue origin. Anti-PECAM-1 mAb 390 has been shown to inhibit PECAM-1-dependent activities specifically and functions in a manner similar to a number of other anti-PECAM-1 antibodies (which bind to epitopes distinct from mAb 390), in a number of in vitro and in vivo assays (8, (14) (15) (16) .
Enhanced Effectiveness of Anti-PECAM-1 mAb Against Preterminal
Metastatic Disease. We next tested anti-PECAM-1 mAb 390 specifically against the preterminal stage of metastatic progression. We assessed the effects of administering one additional preterminal dose (a sixth mAb dose) to mice already severely ill from extensive B16-F10 tumor metastases. This preterminal anti-PECAM-1 mAb dose significantly reduced the percentage of lung occupied by tumor metastases [control group: 34.3 ± 4.2%, standard five-dose mAb 390 group: 19.6 ± 4.2% (P < 0.05 versus control); extended six-dose group: 9.0 ± 3.3% (P < 0.0001 versus control; P < 0.05 versus five-dose group)] ( Fig. 2 A and B) . It also reduced (P < 0.001) ovarian metastases ( Fig. 2C ), indicating that anti-PECAM-1 mAb therapy is systemically active. The preterminal (sixth mAb) dose also increased total body weight, determined at the time of sacrifice (P < 0.0005), when compared with either mice not receiving the preterminal anti-PECAM-1-mAb dose or control groups (Fig. 2D) . Concurrently, lung tumor weights were significantly reduced in the group receiving the preterminal dose, showing that the preterminal dose better preserved normal body weight. These results indicate that targeting PECAM-1 reduces tumor-induced cachexia. Similarly, a preterminal dose of anti-PECAM-1 mAb 390 also significantly increased antimetastatic efficacy against highly advanced 4T1 metastases (Fig. 2E ).
Anti-PECAM-1 Antibody Inhibits Tumor Cell Proliferation but Not Apoptosis or Angiogenesis. To identify pathway(s) through which anti-PECAM-1 mAb suppresses preterminal metastatic progression, its effects on tumor proliferative, apoptotic, and angiogenic rates were measured (Table 1 ). Tumor angiogenic rates were assessed by immunoreactivity to anti-von Willibrand factor (17) and to CD34 (to assess immature angiogenic endothelium) (18) (19) (20) . Angiogenic and apoptotic (17) rates were comparable. However, the preterminal anti-PECAM-1 mAb dose reduced tumor cell proliferation (21) in highly advanced B16-F10 (P < 0.005) tumor metastases. Thus, although anti-PECAM-1 mAb 390 reduces angiogenesis within primary s.c. tumors (13) , it specifically suppresses proliferation but has no affect on angiogenesis within advanced tumor metastases. As Fig. 2A illustrates, tumor metastases increase in size rapidly during the very late stages of metastatic progression, indicating that these tumor cells are proliferating rapidly. A single additional dose of anti-PECAM-1 mAb administered when metastases are both highly advanced and rapidly proliferating effectively suppressed proliferation. Suppression of proliferation within advanced metastases by the preterminal anti-PECAM-1 mAb dose at least in part explains its marked reduction of advanced metastatic burden.
Decreased Lung Metastases in PECAM-1-KO Mice. Because B16-F10 tumor cells are syngeneic with PECAM-1-KO mice (22) , the effects of PECAM-1 on the metastatic progression of B16-F10 also can be studied in KO versus WT mice. Therefore, the development of lung metastases following tail vein injection of B16-F10 cells into WT versus PECAM-1-KO mice was assessed (22) . Visible lung metastases were not detected in either WT or KO mice 7 d after tumor cell injection (Fig. 3A) . However, from days 10-16 after tumor cell injection, the number of metastatic lung tumors (Figs. 3 A and B and 4 A and C), as well as lung weight (Fig. 4E) , was markedly reduced in KO versus WT mice. Even more striking suppression was observed in the size of tumor nodules. Suppression of metastatic tumors also was (Fig. 3B) . Because anti-PECAM-1 mAb was effective against late-but not against early-stage metastases ( Fig. 1 A and B) , we then assessed more precisely whether early-stage metastatic progression was affected in PECAM-1-KO mice. To determine whether the early stages of metastatic spread are controlled differently in PECAM-1-KO versus WT mice, H&E staining was performed on lung tissue obtained at a much earlier time point, 4 d after i.v. injection of B16-F10 tumor cells. Subclinical lesions (<10 cells) detected in the walls of the alveoli at day 4 ( Fig. 3D) were similar in number and size in WT and PECAM-1-KO mice (Table S1 ). Unlike the marked differences between WT and KO mice in the number and size of large, macroscopic B16-F10 metastases ( Fig. 3 A and  B) , numbers of micrometastatic foci were comparable in WT and KO mice (Table S1 ). Therefore, advanced metastatic progression, but not the early stages of metastatic spread, is suppressed in both PECAM-1-KO mice and WT mice receiving anti-PECAM-1 mAb. Taken together, these data indicate that PECAM-1 plays an important role in regulating the progression of established metastases from subclinical metastatic lesions to macroscopic, life-threatening tumor metastases. However, PECAM-1 appears uninvolved in controlling the initial establishment of metastatic tumor foci or in mediating the passage of primary tumor cells across the vascular endothelium (Fig. S1 C-E), events critical to spread from the primary tumor itself.
Reconstitution of PECAM-1-Null Mice with Bone Marrow from WT Mice Does Not Restore the WT Phenotype. Anti-PECAM-1 mAb 390 does not bind to tumor cells either in culture (Fig. S1A ) or in tumor-bearing mice (13) whose late-stage metastases it suppressed. Furthermore, it does not directly inhibit tumor cell proliferation in vitro (Fig. S1B) . To determine whether PECAM-1 expressed on VEC and/or bone marrow-derived WBC mediates its prometastatic effects, chimeric mice were generated by reconstituting WT mice with KO marrow (PECAM-1-positive VEC/PECAM-1-negative platelets WBC, designated WT EC -KO BM ) or by reconstituting KO mice with WT marrow (PECAM-1-negative endothelium/ PECAM-1-positive platelets WBC, designated KO EC -WT BM ) (23) . Reconstitution of WT animals with KO marrow did not suppress the development of metastases, and reconstitution of KO mice with marrow from WT mice did not restore the WT, prometastatic phenotype (Fig. 4 A-E Values represent mean ± SEM (n = 10). In C and E, potential statistical significance of differences was assessed using pairwise twosided Student's t tests. *P < 0.05 vs. control; + P < 0.05 vs. five doses. Mice bearing metastatic B16-F10 or 4T1 tumors were treated with six doses of either anti-PECAM-1 or control mAb and were euthanized as described in Fig. 1 . Tumor-bearing lungs were removed and processed, and tumor angiogenic, mitotic, and apoptotic rates were measured as described in Materials and Methods. The lack of difference in tumor angiogenic rates between groups was confirmed by assessing immunoreactivity to CD34. Potential statistical significance of differences was assessed using an unpaired two-tailed Student t test (P < 0.05 vs. control). *Tumor apoptotic rates were measured as described in Materials and Methods. † Tumor mitosis counts were measured by immunoreactivity to Ki67 (19) . ‡ Tumor angiogenic rates measured by immunoreactivity to factor VIII-VWF (17) . ¶ Potential statistical significance of differences was assessed using a pairwise two-sided Student's t test. P < 0.005 versus control; values are ± SD. § Tumor angiogenic rates measured by immunoreactivity to CD34 (18) .
effects observed in PECAM-1-KO mice, and likely those produced by anti-PECAM-1 mAb 390, are mediated by blocking VEC PECAM-1.
PECAM-1-Dependent Paracrine Factors Regulate Tumor Proliferation.
We developed a variant of a 3D coculture system as a model for tumor cell-VEC interactions within the tumor microenvironment. Tumor cells are added to capillary-like structures (CLS) of VEC already formed on a basement-membrane substrate. VEC do not divide once plated on Matrigel (24) . Although these CLS typically regress within 24-36 h (24), adding tumor cells maintained CLS integrity for ≥5 d. Anti-PECAM-1 mAb, unlike control mAb, suppressed B16-F10 or 4T1 proliferation by 50-60% (P < 0.05) in this 3D coculture system (Fig. S2) , thus accurately recapitulating the proliferation-suppressing phenotype it produced in tumorbearing mice (Table 1) . To assess whether PECAM-1 regulates proliferation via soluble mediators, B16-F10 cells were grown in conditioned medium from anti-PECAM-1-or control mAbtreated 3D cocultures. Anti-PECAM-1 mAb conditioned medium inhibited tumor cell proliferation by >60% (Movies S1 and S2), indicating that anti-PECAM-1 mAb-regulated paracrine factors mediate its ability to suppress tumor cell proliferation. Anti-PECAM-1 mAb 390 therapy also inhibits the growth of primary tumors that do not express PECAM-1 (13), consistent with its ability to act, at least in part, through its regulation of paracrine factors.
Lack of PECAM-1-Dependent Cellular Infiltration in Anti-PECAM-1-Treated Tumors. Multiple H&E-stained sections from metastatic tumors and surrounding tissues were examined to identify any characteristics that might differentiate anti-PECAM-1 mAb-treated mice from control mice. None were detected. Tumors were examined specifically for accumulations of F4/80 antigen-positive macrophages using immunohistochemistry (25) . The presence of macrophages within individual tumor nodules varied from rare to moderate. However, neither the pattern nor the extent of macrophage infiltration differed between anti-PECAM-1 mAb-treated and control specimens (Fig. S3) . Thus, although tumor-infiltrating macrophages may play a role in mediating the antimetastatic effects produced by anti-PECAM-1 mAb, these results suggest that this role is limited. This hypothesis is supported by results obtained in the 3D coculture assay (in which no macrophages were present), where anti-PECAM-1 mAb exerted antitumor and antiproliferative effects comparable to those it produced in tumor-bearing mice.
Discussion
Although rarely studied in preclinical models, advanced metastatic progression causes death in the great majority of patients who die from cancer. Although the early stages of tumor metastasis result in the formation of clinically silent micrometastatic foci (2, 4, 6) , its advanced stages primarily reflect the progressive, organ-destructive growth of already well-established metastases (5) . The molecular determinants that control the end stages of metastatic progression remain largely uncharacterized. Mechanistically, our results support the hypothesis that VEC PECAM-1-regulated paracrine factors drive the lethal progression of advanced tumor metastases. Anti-PECAM-1 mAb blocks this progression by altering the release of soluble factors that drive proliferation within these advanced metastases. This model is supported by each of the following observations. Anti-PECAM-1 mAb, even at very high concentrations, does not directly inhibit tumor cell proliferation in culture. In contrast, conditioned medium (which contains PECAM-1-regulated secreted factors) from mAb 390-treated, but not from isotype control mAb-treated, cocultures strongly inhibits tumor cell proliferation in culture. Furthermore, anti-PECAM-1 (A and B) , the number and size of micrometastatic foci were comparable in WT and PECAM-1-KO mice (Table S1 ). (Scale bar: 50 μm.) mAb 390 does not bind to any of the tumor cell types whose metastasis it suppresses. Rather, the antimetastatic activity produced by anti-PECAM-1 mAb is mediated specifically by its binding to PECAM-1 expressed on VEC.
Intriguingly, we found that anti-PECAM-1 mAb suppressed tumor metastasis more effectively when administered at an advanced stage (Fig. 1B) , a time when the explosive growth of macroscopic, already well-established metastases typically is seen (5). Conversely, administration of the antibody during the initial formation of micrometastatic tumor foci did not inhibit the emergence of clinically apparent metastases. In addition, late-stage tumor metastases were suppressed strongly, whereas early metastatic spread was unaffected in PECAM-1-KO versus WT mice. Chimeric mice revealed that the PECAM-1 metastasis-promoting effects are mediated by VEC-expressed, not by WBC-expressed, PECAM-1. Because its antimetastatic effects are mediated by binding to VEC rather than the tumor cells themselves, anti-PECAM-1 mAb appears to act independent of tumor type.
Single-agent anti-PECAM-1 mAb is highly effective against advanced, life-threatening tumor metastases but is ineffective against clinically silent micrometastases. Our results demonstrate that an anticancer treatment can effectively treat the preterminal stages of metastatic progression, but be ineffective when administered during its early, asymptomatic stages. In contrast, the currently used antitumor mAbs are being used increasingly to treat earlier-stage human cancers (6, 26) . Furthermore, PECAM-1 acts through VEC to regulate metastasis in a novel way, by specifically controlling proliferation, not angiogenesis, in advanced tumor metastases. Targeted VEGF antagonists inhibit angiogenesis in both primary and metastatic tumors and play a major role in treating metastatic human cancers (27) . Anti-PECAM-1 mAb inhibits angiogenesis in primary tumors (13) but does not affect angiogenesis within advanced tumor metastases, indicating that some molecularly targeted therapies can elicit different biologic responses within different tumor microenvironments. Thus, the vascular endothelium, acting through VEGF, as well as PECAM-1, can regulate metastatic progression through different mechanisms, further expanding its role in directing tumor metastasis.
Remarkably, dose-intensive, preterminal mAb administration effectively treated the treatment-refractory end stages of metastatic progression. Specifically, one additional (sixth) dose of anti-PECAM-1 mAb, administered to mice that were already preterminal, was itself strikingly effective, further reducing lung metastatic burden by an additional 50% against B16-F10 and an additional 35% against 4T1 tumors, when compared to the five anti-PECAM-1-mAb dose regimen lacking a pre-terminal dose. Although many anticancer treatments are significantly more toxic in hosts already debilitated from advanced tumor metastases, high doses of anti-PECAM-1 mAb administered during the preterminal phase not only appeared nontoxic but also significantly reduced tumor-induced cachexia. In addition, PECAM-1-KO mice grow and develop normally (22) . Taken together, these results suggest anti-PECAM mAb therapy may be well tolerated, even in human patients already severely debilitated by advanced metastases.
Studies of metastasis often focus on the early stages of metastatic spread, and the study of preterminal metastatic progression generally has been avoided. In contrast, clinical trials of investigational anticancer agents, selected based on early-stage preclinical studies, often are conducted in patients bearing latestage metastases, suggesting a mismatch between models studied and patients treated. The striking efficacy of anti-PECAM-1 mAb against preterminal metastases coupled with its inactivity against very early-stage metastatic spread suggests that the lethal growth of advanced tumor metastases is controlled, at least in part, by late-stage-specific, prometastatic drivers. Furthermore, these results indicate that late-stage-specific testing of novel antitumor agents will reveal some agents active only during this usually treatment-resistant phase of metastatic progression. Such agents may include agents previously determined to be ineffective when tested solely against early-stage metastatic spread.
This apparent anomaly may result in part from the largely proliferation-driven nature of advanced metastatic disease (5) . Conversely, the successful establishment of micrometastatic foci depends upon the abilities of tumor cells to invade locally, intravasate home to distant organs, extravasate, and induce tumor neoangiogenesis (4) . Recent studies have shown that i.v. injected nontumorigenic mammary gland cells can colonize and grow within the lung for prolonged periods (28) , further supporting the concept that early metastatic spread occurs by a series of discrete stages. Taken together, our studies indicate that a complex interplay between elements of the TME, paracrine factors, and advanced tumor metastases controls the lethal progression of advanced tumor metastases. Selectively targeting PECAM-1 represents a TME-targeted therapeutic approach that suppresses even lethal, end-stage metastatic progression, until now a refractory clinical entity.
Materials and Methods
Monoclonal Antibodies. Anti-PECAM-1 mAb 390 is an IgG2A class anti-murine CD31 antibody that binds to a 14-aa epitope on domain II of the extracellular Ig domains of CD31 (6) . An IgG2A rat isotype control mAb was purchased from Sigma. mAbs were cleared of LPS using the EndoTrap Red system (Lonza) to fewer than two units of endotoxin per milliliter as determined by a limulus amebocyte lysate assay (Pyrogent Plus; Lonza).
3D Coculture Assay. Six-well polystyrene plates (Corning) were coated with 300 μL of Matrigel (BD Biosciences). One hour later, 2 × 10 5 CD3 or H5V cells (VEC lines) were plated. Eight hours later, after VEC capillary-like structures had formed, 2 × 10 5 B16-F10 or 4T1 cells were added, together with 200 μg/mL of either anti-PECAM-1 or control mAb. mAbs were added again at 24 and 48 h, and all cells and culture supernatants for conditioned media were harvested at 72 h. All wells were trypsinized and counted using a hemocytometer. and then every other day through day 15. All mice were weighed on day 0, before tumor cell injection, and then were randomized so that treated and control groups had comparable weights. The mice were weighed again before they were killed. Differences in mean total body weight represent those occurring over the entire 21-d duration of the experiment. All mice were killed humanely when multiple tumor-bearing control mice required sacrifice. Although survival studies could not be performed (in accordance with institutional animal-care guidelines), the lack of early deaths in the sixdose mAb-treated group suggests their survival would be prolonged. Lungs dissected from each mouse were weighed immediately. For B16-F10-inoculated mice, lungs were infused transtracheally with 5% neutral buffered formalin/PBS. For 4T1-and LOX-inoculated mice, lungs were infused with 15% India ink in Fekete's solution. Black-brown B16-F10 metastatic tumors and counterstained 4T1 and LOX tumors (white) were counted under a dissecting microscope.
Analysis of Lung Surface Area Occupied by Metastatic Tumors. Images of all histologic sections in the anti-PECAM-1 mAb and control groups were captured using a Nikon Digital Sight D5-U1 camera and Nikon 80i microscope. The total lung surface area and the surface area occupied by individual tumor masses within the lung were outlined using the area function of NISElements Software (Nikon Instruments), and the percentage of lung occupied by tumor was calculated.
Generation of Mice Chimeric for CD31 on VEC and WBC. Bone marrow chimeric mice were generated as previously described (23) . Within 24 h after irradiation, 5 × 10 6 cells of donor marrow obtained from nonirradiated mice were injected i.v. into irradiated recipient mice. Tumor cells were injected 4-6 wk after transplantation. Flow cytometry analysis of leukocytes using an antimouse PECAM-1 antibody confirmed the chimeric phenotype.
Immunohistochemistry. Antibodies used include rat anti-murine K i -67 antigen and rabbit anti-human von Willebrand factor antigen (both from Dako) and rat anti-murine CD-34 antigen (Abcam). Sections were pretreated with microwave antigen retrieval in 10 mM citrate buffer for 10 min. Endogenous antibodies were blocked with normal goat serum (1:10 dilution (Vector Laboratories) and then were incubated with the primary antibody localized using an avidin-biotin complex kit (Vector Laboratories) appropriate for the primary antibody. A red alkaline phosphatase substrate was used to avoid confusion with melanin granules.
Assessment of Angiogenesis Rates Within Metastatic Tumors. Intratumoral blood vessels were quantitated using anti-von Willebrand's factor staining, as previously described (17) . Intratumoral blood vessels also were assessed by immunoreactivity to CD34, using criteria previously described (19) .
Assessment of Apoptosis and Mitosis Rates Within Metastatic Tumors. Mitotic and apoptotic figures were counted on 4-μm H&E-stained slides with a conventional light microscope. Apoptotic bodies (21) were counted, and apoptotic rates were calculated as previously described. For determination of K i -67 positivity, individual K i -67 positively stained cells within grid spaces completely occupied by tumor were counted (≈40 grids per lung) and were expressed as the mean number of K i -67-positive cells per 100 μm 2 of tumor tissue.
Statistical Methods. For continuous, normally distributed data, a one-way ANOVA was used to determine whether there were any differences among different treatments. If this test was significant (P < 0.05), pairwise two-sided Student's t tests were conducted to compare the different treatments. This method was used to avoid inflation of P values by multiple testing. When measurements were not normally distributed, a Kruskal-Wallis rank test was used first to test whether there were differences among different treatments (including no treatment). If the Kruskal-Wallis test was significant (P < 0.05), the Mann-Whitney rank test was used for comparisons between pairs of treatments. Statistical calculations were carried out using Stata version 11.1 (StataCorp).
